Identification and characterization of mint lactones: trace-level odor-important aroma compounds in peppermint oil by McKenna, Samantha Grace
  
 
 
 
 
 
IDENTIFICATION AND CHARACTERIZATION OF MINT LACTONES: 
TRACE-LEVEL ODOR-IMPORTANT AROMA COMPOUNDS IN PEPPERMINT OIL 
 
 
 
 
 
 
BY 
 
SAMANTHA GRACE MCKENNA 
 
 
 
 
 
 
 
 
THESIS 
 
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Food Science and Human Nutrition 
with a concentration in Food Science 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2016 
 
 
 
Urbana, Illinois 
 
 
Master’s Committee: 
 
 Professor Keith R. Cadwallader, Chair and Adviser 
 Professor Nicki J. Engeseth 
 Professor Shelly J. Smith 
 
 
ii 
 
ABSTRACT 
Mentha piperita L., commonly known as peppermint, is an essential oil bearing plant that 
was introduced to the United States in the early-19
th
 century. By 1900 peppermint cultivation and 
oil production had reached the Pacific Northwest where the majority of peppermint oil in the 
United States is produced today. In 2015 the United States produced 5.9 million pounds of 
peppermint oil which is used in a wide variety of food and flavor applications including chewing 
gum, oral hygiene products, pharmaceuticals, confectionary, and liquor among others. Trace 
odorants are crucial to the flavor profile of well-balanced peppermint oil. Certain lactones have 
been identified in peppermint oils in trace levels that contribute important sweet, coconut, 
coumarin-like aroma characteristics to the oils. Among these lactones, collectively known as 
“mint lactones”, (−)-mintlactone and (+)-isomintlactone are the most well characterized, 
although numerous others remain unidentified.  
Four peppermint oils were analyzed by gas chromatography-olfactometry (GCO) and gas 
chromatography-mass spectrometry (GC-MS) to identify the odor-active lactones. Since lactones 
are present at trace levels, a silica gel fractionation method was developed to isolate and 
concentrate the lactones from peppermint oil prior to GC analysis.  A total of five odor-active 
“mint” lactones were detected, including (−)-mintlactone and two menthofurolactone (MFL) 
diastereomers (“MFL A” and “MFL B”). The lactones were quantitated using stable isotope 
dilution analysis (SIDA) with a 
2
H-labeled saturated mint lactone as the internal standard. The 
two diastereomers of menthofurolactone were resolved using chiral gas chromatography and 
their independent in-air odor thresholds and odor qualities were approximated using GCO. The 
enantiomeric ratio of the MFL diastereomers was also examined in relation to the menthofuran 
content of the oils and the concentrations of the MFL isomers. 
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A model peppermint oil (MPO) system was also developed and used to study the 
degradation of menthofuran to form mint lactones. The concentrations of four lactone 
compounds, MFL A, MFL B, (−)-mintlactone, and (+)-isomintlactone, were tracked over a 
period of six months. After an initial increase in the concentrations of all four lactones, the levels 
at six months approached those found in actual peppermint oils. The MPO sample stored at 
ambient conditions maintained a constant enantiomeric ratio of the MFL diastereomers over 
time. A proposed scheme for the formation of lactones from menthofuran is presented. 
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Chapter 1                                                                                                             
INTRODUCTION 
Mentha piperita L., commonly known as peppermint, is a natural hybrid of M. aquatica 
L. (watermint) and M. spicata L. (spearmint) that was first recorded in 1696 in Hertfordshire 
England. Cultivation of peppermint began in England the mid-18
th
 century, with peppermint oil 
production commencing before 1800. The plant was introduced to the east coast of the United 
States in the early-19
th
 century and later spread westward to Michigan, Indiana, and Wisconsin. 
By the turn of the 20
th
 century peppermint cultivation and oil production had reached the far 
northwestern states of Oregon, Washington, and Idaho, where the majority of peppermint oil in 
the United States is produced today (Lawrence, 2007a). Peppermint oil is produced by the steam 
distillation of the M. piperita L. plant. The process volatilizes the essential oils in the plant 
material which are then condensed and collected (Denny & Lawrence, 2007; Güntert et al., 
2001). In 2015 the United States produced a total of 5.9 million pounds of peppermint oil 
(USDA, n.d.).  Peppermint oil is used in a wide variety of food and flavor applications; 45% of 
oil produced in the US is used to flavor chewing gums, another 45% is used to flavor oral 
hygiene products such as toothpaste and mouth wash, and the remaining 10% goes to the 
pharmaceutical, aroma therapy, confectionary, and liquor industries among others (“Mint 
Industry Research Council,” n.d.). 
Although menthol and menthol derivatives dominate the physicochemical characteristics 
and volatile chemistry of peppermint oil, trace-level odorants are crucial to the overall character 
and sensory profile of well-balanced peppermint oil (Güntert et al., 2001; Sheldon, 2007). (+)-
Menthofuran is a monoterpene found in peppermint oil in concentrations ranging from 1-7%. It 
is not formed in substantial amounts in other Mentha species and imparts a characteristic “sweet 
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haylike-minty odor, sometimes referred to as ‘lactone’-odor,” to peppermint oil (Tucker, 2007). 
Peppermint oils from the Yakima valley of Washington state are known to have higher levels of 
(+)-menthofuran than other North American peppermint oils and are regarded as some of the 
highest quality commercially available peppermint oils (Chen, Trinnaman, Bardsley, St Hilaire, 
& Da Costa, 2011; Lawrence, 2007a). However, menthofuran has a tendency to autoxidize, 
turning peppermint oil an undesirable dark green color. Menthofuran levels are often minimized 
to produce commercially viable peppermint oils, although the unique organoleptic properties of 
menthofuran are difficult to replicate, and menthofuran is often added back into blends of M. 
piperita and M. arvensis oil in order to restore the characteristic peppermint quality to the 
finished blends (Fuchs, Zinn, Beck, & Mosandl, 1999; Ho & Din, 1989; Justice, 2010; Morris, 
2007). Therefore, a closer examination of the degradation products of menthofuran is needed. 
When (+)-menthofuran oxidizes, it has been shown to form several lactone compounds 
that have been identified in peppermint oils and contribute important sweet, coconut, coumarin-
like characteristics to the oils. Of these lactones, collectively known as “mint lactones”, (−)-
mintlactone and (+)-isomintlactone are the most well characterized, although numerous others 
remain unidentified (Chen et al., 2011; Gaudin, 2000; Näf & Velluz, 1998). These mint lactones 
are present in trace amounts but have low odor thresholds, indicating that they are potentially 
important to the sensory quality of peppermint oil. Since the ability to produce menthofuran 
distinguishes M. piperita from the M. arvensis and M. spicata species (Frérot, Bagnoud, & 
Vuilleumier, 2002; Justice, 2010; Näf & Velluz, 1998) the identification and characterization of 
mint lactones is critical to the understanding of peppermint oil flavor chemistry.  
It is hypothesized that menthofuran spontaneously degrades to form mint lactones, that 
the concentrations of mint lactones are directly related to the concentration of menthofuran in 
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peppermint oil, and that mint lactones, though present in trace amounts, have sufficiently low 
odor thresholds such that they impact the overall sensory perception of peppermint oils. The first 
objective of the research was to identify odor-important mint lactones in peppermint oils. The 
second objective of the research was to apply well-established analytical methods to accurately 
measure selected odor-important mint lactones and to determine their typical concentration 
ranges in peppermint oils. The third objective of the research was to determine the odor 
thresholds and evaluate the aroma characteristics of selected odor-important mint lactones. The 
fourth objective of the research was to monitor the formation of mint lactones from menthofuran. 
For the first time, the odor thresholds and characteristics of the two diastereomers of 
menthofurolactone were evaluated independently.  
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Chapter 2                                                                                                                    
LITERATURE REVIEW 
2.1 Peppermint – Mentha piperita L. 
2.1.1 History of cultivation and production of peppermint oil 
Mentha × piperita L., commonly known as peppermint, is a natural hybrid of M. aquatica 
L. (watermint) and M. spicata L. (spearmint). The botanical record of M. piperita begins in the 
seventeenth century, but the history and origin of mint stretches back to the Ancient Greeks. In 
Greek Mythology, Menthe was a water nymph seduced by Hades and taken as his mistress. 
Upon discovering her husband’s unfaithfulness, Hades’ wife Persephone transformed Menthe 
into a garden plant such that humans would walk upon her and trample her. To remind the world 
of the sweetness of his mistress, Hades changed this spell so that this plant would release a sweet 
odor when crushed, and thus the mint plant was created. Mint plants can be traced back to 
ancient Egypt, as dried peppermint leaves dating back to 1500 – 1000 B.C. were discovered in 
the Egyptian pyramids, and mint is mentioned in the writings of Pliny, Hippocrates, and Aristotle 
(“Menthe or minthe,” 2014; Rayment, n.d.). The first botanical record of peppermint appears in 
1696 in Hertfordshire, England (Lawrence, 2007a), and in 1721 peppermint is first mentioned in 
the London Pharmacopoeia as a medicinal herb to treat nausea, vomiting, and morning sickness 
(“Peppermint,” 2005). Peppermint is given the name Mentha × piperita L. by Carl Linnaeus in 
Species Plantarum in 1753, with “piperita” referring to the plant’s distinctive peppery quality 
and pungency (Rayment, n.d.). 
Cultivation of the M. piperita hybrid for commercial purposes began in the mid-18
th
 
century in and around Mitcham, a district in South London that lends its name to many 
peppermint varietals grown today, with the production of essential oil from the peppermint plant 
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occurring by 1800. The White Mitcham variety of M. piperita was first introduced in North 
America in Ashfield, Massachusetts between 1812 and 1830 (Lawrence, 2007a). The second half 
of the 19
th
 century saw the introduction of the Black Mitcham variety to Michigan and the spread 
of peppermint cultivation and oil production in Midwestern states including Michigan, Indiana, 
and Wisconsin. By the turn of the 20
th
 century, severe winterkill and a root disease known as 
Verticillium wilt destroyed much of the peppermint acreage in the east and Midwestern United 
States, forcing peppermint cultivation and oil production to move further westward to Oregon, 
Washington, and Idaho, where the majority of peppermint oil in the United States is produced 
today (Lawrence, 2007a).  
Currently, the major areas of peppermint cultivation and oil production in the United 
States are located north of the 41
st
 parallel in Oregon, Washington, and Idaho, and to a lesser 
extent in the Midwest, including parts of Michigan, Indiana, and Wisconsin. Northern regions 
are considered to produce the best quality oil due to the long hours of daylight during the 
growing season (Sheldon, 2007). Today, the Black Mitcham variety comprises about 90% of the 
commercially grown peppermint in the United States (Cannon, Cantrell, Astatkie, & Zheljazkov, 
2013). According the USDA National Agricultural Statistics Service, the United States produced 
a total of 5.882 million pounds of peppermint oil in 2015; Oregon produced 1.995 million 
pounds, Washington produced 1.540 million pounds, Idaho produced 1.596 million pounds, and 
Indiana produced 400,000 pounds (USDA, n.d.).  
 
2.1.2 Factors that influence oil content 
Peppermint essential oil is produced by the steam distillation of the M. piperita L. plant, 
wherein the application of steam causes oils in the plant material to vaporize and the oil is 
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subsequently separated from the aqueous phase by gravity (Denny & Lawrence, 2007; Güntert et 
al., 2001). Typically this process yields 0.5-2.0%% essential oil from the dried plant material 
(Cannon et al., 2013; Rita & Animesh, 2011; Verma, Pandey, Padalia, Saikia, & Krishna, 2011). 
The essential oil yield and composition is influenced by many factors of cultivation and 
production, including geographic location, time of plant harvest, and the distillation process 
parameters.  
The geographic location of peppermint cultivation will have an impact on the essential oil 
content due to the effect of day length and temperature. To obtain satisfactory oil yields, a day 
length of at least 15h is recommended. In the United States, most peppermint-growing regions 
are located above the 40
th
 parallel north, whereas peppermint grown on the Indian subcontinent 
is more typically grown at the 28
th
 parallel north, which can account for some of the variation in 
oil yield and quality between the two countries. Under short day conditions, mint plants have 
been observed to produce oil with higher levels of menthofuran and lower levels of menthone 
and menthol than plants grown in long-day conditions. Temperature plays a large role in the 
morphological development of the peppermint plant which in turns influences the essential oil 
biosynthesis and yield. Peppermint requires a minimum of 117 frost-free days during its growing 
season to optimize growth and oil production. Higher night temperatures during the growing 
season will increase oil yield, but can also cause peppermint plants to produce higher levels of 
menthofuran. Years of research have led to the consensus that optimal peppermint plant yield 
and essential oil quality results from a diurnal temperature range of 55°F to 60°F (12.8°C to 
15.6°C) at night and 85°F to 90°F (29.4°C to 32.2°C) during the day. Other geographic 
characteristics such as precipitation, soil type, and vegetation history will also impact the growth 
of the peppermint plant and its essential oil yield and quality (Morris, 2007).  
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The stage of plant development at the time of harvesting will also influence oil content. 
In the Yakima Valley of south-central Washington, one of three major mint-growing areas in 
Washington State, the long periods of daylight in the summer allow for mint growers to harvest 
mint twice in one season: first in July and again in September. Chen et al. (2011) compared the 
volatile compounds of first and second cuts of Yakima peppermint in steam distilled peppermint 
oils of both fresh and dry hay leaves. They noticed several differences between the four types of 
peppermint oils. In general the first cut oils of both fresh and dry hay were higher in (Z)-3-
hexenol, 1,8-cineole, α-pinene, β-pinene, sabinene hydrate, isomenthone, menthofuran, 
pulegone, β-caryophyllene, and germacrene D, whereas the second cut oils were higher in 
limonene, menthol, and menthone. The fresh leaf peppermint oils were generally higher in 1,8-
cineole, α-pinene, limonene, isomenthone, menthofuran, menthone, pulegone, while the dry hay 
oils were higher in β-caryophyllene, menthol, and germacrene D. Looking at the sensory 
differences of the four oils, the first-cut oils were more well-rounded and preferable 
organoleptically than the second cut oils (Chen et al., 2011). 
The composition of essential oil obtained from steam distillation changes throughout the 
course of the batch distillation process depending on the distillation time and the vapor pressure 
and temperature of the steam. The distillation process to obtain peppermint essential oil depends 
on the application of the proper amount of heat and vapor pressure, in the form of steam, to 
vaporize the oil components according to their individual latent heat of vaporization. If the oil 
components are not adequately vaporized in the mint still, they will not be recovered in the final 
essential oil, therefore it is critical that the proper temperature is maintained and that steam is 
continuously supplied to the system (Denny & Lawrence, 2007). Cannon et al. explored the 
effects of distillation time on the yield and composition of peppermint essential oil and found 
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that although distillation time (DT) did not significantly influence the menthol, menthone, or 
menthyl acetate concentrations, there were significant differences of eucalyptol, menthofuran, 
and (−)-trans-caryophyllene concentrations at different DTs. In general, eucalyptol concentration 
decreased with increasing DT while menthofuran and t-caryophyllene concentrations increased 
with increasing DT. This study concludes that in addition to optimizing essential oil yield, 
distillation time can also be manipulated to produce oils with specific composition profiles. The 
influence of distillation time on menthofuran concentration is most relevant to this study as 
menthofuran is the presumed precursor to mint lactones in peppermint oil (Cannon et al., 2013). 
 
2.1.3 Essential oil quality 
Because of the variation in concentrations of the components of peppermint oil, there are 
regulatory guidelines in place that define a standard for peppermint oil for use in commercial 
applications. Peppermint oil is defined from a regulatory standpoint as the oil obtained from M. 
piperita by physical means, generally steam distillation, which precludes oil from any other 
Mentha species from inclusion by blending or simultaneous distillation. The guidelines of the 
United States Pharmacopeia (USP) and Food Chemicals Codex (FCC) state that peppermint oil 
carrying a CAS Number 8006-90-4 must have a total menthol concentrations (including the four 
menthol isomers) of no less than 50%. The International Organization for Standardization (ISO) 
standards for L-menthol are less strict (32-49%) to accommodate the profile of Asian M. piperita 
oils that are typically lower in L-menthol (Sheldon, 2007). A North American peppermint oil of 
desirable quality contains menthol levels above 50%, less than 4% menthofuran, and less than 
2% pulegone; these levels are usually attained in a mature mint plant with a single harvest 
(“single-cut”) at about 10% flower bloom. Historically, most peppermint oils have been single-
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cut, but in recent years more farmers are adopting the double-cut method already common in 
spearmint harvesting. This is leading to changing perceptions of what constitutes “desirable” 
peppermint oil (Morris, 2007). 
Due to the variations in oil composition that can occur between locations and seasons, 
peppermint oils from different regions are often mixed together and/or blended with 
dementholized cornmint (M. arvensis) oil in order to standardize the supply and quality of mint 
oils (Lawrence, 2007b). Given the relatively cheap cost of Indian peppermint oil compared to 
North American peppermint oil, such blends are common. However, if any non-piperita oil is 
added, the mixture must be labeled as a “natural peppermint flavor” as opposed to a peppermint 
essential oil. Some oil producers have been known to dilute M. piperita oil with less costly M. 
arvensis oil while still marketing the blend as a peppermint essential oil. To detect these 
adulterated oils, several different analytical techniques have been developed and employed. 
Certain compounds found in appreciable amounts in M. piperita oil are only found in cornmint in 
trace amounts; low levels of α-terpinene, 1-octen-3-ol, viridiflorol, trans-sabinene hydrate, and 
menthofuran can indicate adulteration of peppermint oil with dementholized cornmint oil. 
Similarly, the ratios of menthone to isomenthone and limonene to 1,8-cineole are also good 
indicators of peppermint oil authenticity (Lawrence, 2007b). One study attempted to apply 
chemometric analysis to Italian peppermint oils but was not able to derive a model that would 
accurately identify and separate oils based on their geographic origin (Chialva et al., 1993). 
Rather than blending oils to achieve the desired levels of peppermint oil components, the 
processing parameters of the oil can be manipulated. In addition to the exploitation of the 
harvesting and distillation conditions mentioned above, the sensory quality of peppermint oil can 
be improved by chemical reactions of the oil constituents. Menthofuran is a monoterpene that is 
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undesirable in high amounts in peppermint oil due to its tendency to autoxidize, and peppermint 
oils of acceptable commercial value should be low in menthofuran (Diaz-Maroto, Castillo, 
Castro-Vazquez, de Torres, & Perez-Coello, 2008; Fuchs et al., 1999). Menthofuran content can 
be reduced through a Diels-Alder reaction with maleic anhydride, which forms an insoluble 
precipitate that is removed from the oil by filtration. Controlled oxidation reactions using acids 
and other oxidizing agents can also be employed to remove compounds that contribute harsh 
notes to the oils (Justice, 2010; Sheldon, 2007). 
 
2.1.4 Contemporary commercial uses 
2.1.4.1 Antioxidant and therapeutic agent 
Peppermint essential oil contains a number of monoterpene compounds that exhibit 
antioxidant activity through the direct scavenging of reactive oxygen species, including 
eucalyptol, terpinolene, α-terpinene, γ-terpinene, thymol, carvacrol, farnesol. However, as is the 
case with many essential oils, the complex composition of the oil as a whole impacts the 
antioxidant potential compounds within the mixture, as the synergistic effects between 
compounds may be enhanced or diminished. Peppermint oil also contains α-pinene and linalool 
which have demonstrated prooxidant activity, underscoring the need to examine the overall 
antioxidant potential of the oil. Examining the antioxidant capacity and/or radical scavenger 
capacity of the whole essential oil showed that, in general, peppermint oil does exhibit modest 
antioxidant potential (Riachi & De Maria, 2015). Another study has shown that peppermint oil 
exhibits hydroxyl radical scavenging capabilities, and was able to inhibit 52.4% of lipid 
peroxidation in a linoleic acid system at 0.1% concentration, while BHT at 0.01% concentration 
inhibited 61.9% of peroxidation. These results show promise for the potential use of peppermint 
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oil as a natural preservative (Schmidt et al., 2009). Peppermint essential oil has also been shown 
to be effective as a treatment for irritable bowel syndrome (IBS). Treatment with enteric-coated 
capsules of peppermint oil significantly reduced IBS symptoms including abdominal pain and 
distention over the placebo with no significant side effects. Peppermint oil exhibits 
antispasmodic activity and reduces gastric motility which could explain its efficacy in treating 
IBS (Rahimi & Abdollahi, 2012). In addition, the pleasant sensory profile of peppermint makes 
it an attractive therapeutic aid; 88% of professional aromatherapists use peppermint oil, making 
it the sixth most popular essential oil for aromatherapy purposes (International Trade Centre & 
BCC Research, 2014). 
2.1.4.2 Flavoring agent 
Despite the wide variety of medicinal and therapeutic activities that peppermint oil 
exhibits, the vast majority of the peppermint oil produced in the US is used in food and flavor 
applications; 45% of oil produced in the US is used to flavor chewing gums, another 45% is used 
to flavor oral hygiene products such as toothpaste and mouth wash, and the remaining 10% goes 
to the pharmaceutical, aroma therapy, confectionary, and liquor industries among others (Mint 
Industry Research Council). The perceived intensity of peppermint flavor in food and 
confectionary products is closely linked to sweetness. Peppermint oil is considered to be general 
recognized as safe (GRAS) by the Flavor Extract Manufacturers Associations (FEMA) at usage 
levels up to 1200 parts per million (ppm) in confectionary applications and 8300 ppm in chewing 
gum (Tucker, 2007).  
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2.2 Flavor Chemistry of Peppermint 
2.2.1 General 
As a result of the commercial importance of peppermint oil as a flavoring agent in oral 
care products, confections, and pharmaceuticals, the chemistry of peppermint oil has been 
extensively studied (Benn, 1998; Chen et al., 2011; Frérot et al., 2002; Güntert et al., 2001; 
Lawrence, 2007a; Näf & Velluz, 1998). Peppermint essential oil is composed largely of mono- 
and sesquiterpenes, which comprise over 98% by volume of the volatile flavor compounds of the 
oil, therefore the flavor chemistry of peppermint oil is determined by these compounds and their 
related derivatives (Güntert et al., 2001). The volatile compounds in peppermint oil can be 
classified into groups based on their chemical structure and encompass a large variety of organic 
compounds: hydrocarbons, alcohols, esters, aldehydes, ketones, acids, phenols, and other 
miscellaneous compounds. The percent concentration range of peppermint oil components in 
peppermint oils of five geographic origins are shown in Table 2.1 to demonstrate the typical 
composition of M. piperita oil as well as the geographic variance that exists. Despite the fact that 
the five most abundant compounds in peppermint oil typically comprise over 80% of the total 
oil, there are over 300 compounds that have been identified in peppermint in amounts less than 
2%. These compounds have an enormous impact on the overall sensory profile and aroma 
quality of peppermint oil (Güntert et al., 2001; Lawrence, 2007a).  
Although a number of studies have been conducted to identify and quantify the various 
volatile compounds in peppermint oils, fewer studies have been conducted that evaluate the 
sensory characteristics of these compounds or their relative importance to the overall sensory 
profile of the oil. The first study to apply the technique of aroma extract dilution analysis 
(AEDA) to examine volatile compounds in peppermint oil found that the most potent odorants in 
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a Yakima peppermint oil were menthofuran (FD factor: 20480), eucalyptol (10240), 2-&3-
methylbutanal (coeluting; 5120), (E)-β-damascenone (5120), and pulegone (5120). To date this 
is the only study with published gas chromatography-olfactometry data and FD factors for 
peppermint oil odorants (Benn, 1998). Subsequent studies have narrowed their focus to specific 
subgroups of peppermint volatiles. Näf and Velluz (1999) analyzed Italo-Mitcham peppermint 
oil and focused on the phenols and lactones. After giving a comprehensive overview of 
peppermint flavor chemistry, Güntert et al. (2001) explored two classes of compounds in depth: 
the acyclic monoterpene hydrocarbons, alcohols, and esters, and the bicyclic furans and lactones. 
These studies focused on the identification and quantitation of peppermint oil volatiles, and 
reported some odor threshold data and aroma quality descriptions, but they did not apply GCO or 
AEDA techniques or calculate odor activity values to gauge or rank the compounds’ potential 
importance to the overall sensory profile of the oil. 
Like many other essential oils and natural products, peppermint oil contains a number of 
chiral compounds, many of which are essential to the flavor profile of the oil. Most of the flavor 
compounds in peppermint oil are generated via terpene biosynthesis in the peppermint leaf 
through a series of enzyme catalyzed reactions. Once the monoterpene compounds are formed, 
subsequent reactions including hydroxylations, redox reactions, and double bond migrations 
controlled by distinct regio- and stereospecific cytochrome P450 oxygenases create the variety of 
terpenoid compounds found in the peppermint oil (Figure 2.1). The importance of the 
monoterpene synthases and cytochrome P450s present in peppermint oil cannot be understated. 
The difference between the (−)-carvone dominated M. spicata oil and the (−)-menthol dominated 
M. piperita oil is the result of the hydroxylation of (−)-4S-limonene at the C3 position in M. 
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piperita and at the C6 position in M. spicata, which is controlled by their respective regiospecific 
cytochrome P450s (Maffei, Bertea, & Mucciarelli, 2007). 
The cytochrome P450s in Mentha species are also stereospecific, which influences the 
enantiomeric purity of chiral compounds in the peppermint oil. For example, in M. piperita (+)-
pulegone undergoes catalytic hydroxylation followed by cyclization to form a hemiketal and 
finally dehydration to form a furan ring. This enzymatic process, which does not occur in other 
Mentha species, forms (+)-menthofuran in excess of 99.8% enantiomeric purity (Justice, 2010; 
Maffei et al., 2007; Wüst & Mosandl, 1999).  
2.2.2 Lactones 
As mentioned in the previous section, the biosynthesis of some essential oil terpenoids in 
M. piperita is controlled by regio- and stereospecific cytochrome P450 oxygenases which 
produce enantiopure (+)-pulegone and (+)-menthofuran. (+)-Menthofuran is one of the most 
interesting monoterpenes found in peppermint oil. It is not formed in appreciable concentrations 
in any other Mentha species, thus lending a characteristic “sweet haylike-minty odor sometimes 
referred to as ‘lactone’-odor” to peppermint oil (Tucker, 2007). However, menthofuran has a 
tendency to autoxidize and form degradation products that give the oil a dark green color and 
bitter flavor, and therefore menthofuran levels are often minimized to produce peppermint oils 
that are commercially viable (Fuchs et al., 1999; Morris, 2007). Adding to the confusion, 
Yakima oils, which are shown to have higher levels of (+)-menthofuran than other North 
American peppermint oils, are regarded as some of the highest quality commercially available 
peppermint oils (Chen et al., 2011; Lawrence, 2007a). There must exist some balance between 
the desirable sensory qualities that menthofuran imparts and the undesirable degradation 
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products that form upon oxidation. Therefore a closer examination of the degradation products of 
menthofuran is needed. 
When (+)-menthofuran oxidizes, it has been shown to form several lactone compounds, 
which are described as having sweet, coconut, coumarin-like characteristics (Frérot et al., 2002). 
Several of these lactones, collectively known as “mint lactones”, have been identified in 
peppermint oil, with the discovery of (−)-mintlactone in peppermint oil dating back to 1968 
(Ferraz, Longo Jr., & Grazini, 2003). (−)-Mintlactone and its diastereomer (+)-isomintlactone are 
the most well-characterized, although numerous others remain unidentified (Chen et al., 2011; 
Gaudin, 2000; Näf & Velluz, 1998). A summary of the molecular structures and the naming 
convention for the mint lactone compounds can be found in Figure 2.2.  
Chiral compounds that are derived from enzymatic biosynthetic pathways are generally 
found in a characteristic enantiomeric distribution in mint essential oils, however the same 
cannot be said for those derived during processing or aging (Lawrence, 2007b). Additionally, it 
is well documented that the sensory quality of aged peppermint oil is perceived to be more 
desirable than that of a freshly distilled oil (Lawrence, 2007a). Therefore, analyzing the 
enantiomeric purity and ratios of stereoisomers of the mint lactone compounds that are generated 
through biosynthesis or through aging is crucial to understanding the flavor chemistry of 
peppermint oil. Chapter Five of this thesis will explore the relationship between menthofuran and 
mint lactones during the process of aging. 
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2.3 Figures and Tables 
 
Table 2.1: Percent composition of peppermint oils produced in different regions of the United States.
a
 
Compound Midwest Willamette Madras Idaho Yakima 
α-Pinene 0.72−0.83 0.58–0.83 0.61–0.69 0.59–0.70 0.71–0.75 
β-Pinene 1.04−1.13 0.87–0.96 0.86–0.95 0.84–0.96 0.97–1.04 
Sabinene 0.53−0.66 0.41–0.61 0.46–0.63 0.46–0.58 0.54–0.66 
Myrcene 0.23−0.32 0.19–0.26 0.05–0.23 0.21–0.29 0.05–0.30 
α-Terpinene 0.35−0.46 0.36–0.42 0.37–0.40 0.35–0.51 0.36–0.39 
Limonene 1.42–1.74 1.27–1.48 1.58–1.82 1.71–1.96 1.52–1.84 
1,8-Cineole 5.57–6.16 4.93–5.47 4.52–5.27 5.08–5.77 4.73–5.65 
(E)-β-Ocimene 0.24–0.29 0.32–0.46 0.28–0.48 0.34–0.51 0.28–0.43 
γ-Terpinene 0.50–0.82 0.51–0.59 0.51–0.62 0.51–0.72 0.51–0.57 
p-Cymene
b 
0.05–0.17 t–0.05 t–0.05 t–0.05 t–0.05 
Terpinolene 0.22−0.27 0.23–0.25 0.22–0.25 0.22–0.29 0.22–0.26 
3-Octanol 0.22–0.29 0.25–0.30 0.17–0.21 0.23–0.27 0.23–0.28 
1-Octen-3-ol 0.16–0.19 0.16–0.22 0.05–0.16 0.16–0.21 0.15–0.19 
Menthone 24.47–29.92 17.75–23.34 13.94–22.64 14.77–25.32 11.19–19.46 
trans-Sabinene hydrate 0.59–0.91 0.66–1.03 0.78–1.28 0.71–1.36 0.82–1.06 
Menthofuran 1.55–2.97 1.38–2.01 1.13–2.32 1.65–3.59 4.29–6.71 
Isomenthone 3.79–4.31 2.81–3.13 2.03–3.11 2.41–3.52 2.05–3.08 
β-Bourbonene 0.33–0.43 0.41–0.55 0.56–0.72 0.43–0.55 0.44–0.63 
Linalool 0.38–0.51 0.26–0.35 0.23–0.24 0.28–0.49 0.27–0.46 
Menthyl acetate 2.91–3.58 4.31–5.68 3.73–7.49 2.77–6.36 5.25–8.39 
Neoisomenthyl acetate + isopulegol 2.08–2.63 1.47–1.99 1.89–2.14 1.80–2.38 1.69–2.50 
Neomenthol + isomenthyl acetate 2.38–3.33 3.47–3.93 3.21–4.53 3.15–3.83 3.17–3.80 
Terpinen-4-ol + β-caryophyllene 1.02–1.22 0.99–1.09 0.89–1.15 0.87–1.51 0.96–1.09 
Neoisomenthol + isomenthol 0.48–0.67 0.84–0.98 0.76–1.13 0.68–0.96 0.75–1.04 
Pulegone 0.53–4.04 0.51–1.06 0.74–2.17 0.42–2.77 0.53–3.95 
Menthol 33.16–37.52 41.27–45.39 40.61–47.44 38.06–46.59 40.27–44.37 
α-Terpineol 0.22–0.26 0.15–0.17 0.12–0.50 0.15–0.22 0.15–0.22 
Germacrene D + carvone 2.28–2.61 1.96–2.41 1.89–2.58 2.09–2.72 0.74–2.85 
Piperitone 0.45–0.59 0.62–0.68 0.52–0.65 0.55–0.61 0.49–0.52 
Viridiflorol 0.20–0.28 0.20–0.28 0.22–0.34 0.16–0.29 0.23–0.52 
a
From Lawrence, 2007a. 
b
 t = trace (<0.01%) 
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Figure 2.1: Monoterpene metabolism in peppermint glandular trichomes. Enzymes are indicated as 
follows: (1) (−)-limonene synthase (2) (−)-limonene-3-hydroxylase. *This compound is incorrectly 
labeled, the correct name is (+)-isomenthone. (Reprinted in part from Curr. Opin. Plant Biol., 2, Lange & 
Croteau, Genetic engineering of essential oil production in mint, 139-144, Copyright 1999, with 
permission from Elsevier.) 
 
* 
(2) 
(1) 
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Figure 2.2: Molecular structures of important mint lactones and related compounds, identified as follows: 
(a) menthofuran (b) (3R)-menthofurolactone (c) (3S)-menthofurolactone (d) (−)-mintlactone (e) (+)-
isomintlactone (f) perhydro-3,6- dimethyl-benzo-β-furan-2-one (g) dehydromintlactone (h) 3,6-
dimethylbenzo- β-furan-2(3H)-one (furamintone) (i) wine lactone (j) 7a-hydroxy mintlactone 
(Woodward-Eastman’s lactone). Naming convention for mint lactones shown on (f). 
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Chapter 3                                                                                                         
IDENTIFICATION OF ODOR-IMPORTANT MINT LACTONES IN PEPPERMINT 
OILS 
3.1 Abstract 
The presence of certain trace-level odorants is crucial to the overall sensory profile of a 
well-balanced peppermint oil.  This study focused on the identification of trace-level “mint” 
lactones present in various peppermint oil samples. Four peppermint oil samples were analyzed 
by gas chromatography-olfactometry (GCO) and gas chromatography-mass spectrometry (GC-
MS) to identify the odor-active lactones. Compounds were identified by comparing their GCO 
and GC-MS data against those of authentic standard chemicals and published literature data.  
Since lactones are present at trace levels, a silica gel fractionation method was developed to 
isolate and concentrate the lactones from peppermint oil prior to GC analysis.  A total of five 
odor-active “mint” lactones were detected, including (−)-mintlactone and two menthofurolactone 
diastereomers.  
 
3.2 Introduction 
Although the chemical composition of peppermint oil is dominated by menthol, 
menthone, menthyl acetate, menthofuran, and eucalyptol, which combined make up over 83% of 
the average peppermint oil, the presence of trace-level odorants is crucial to the overall sensory 
profile of well-balanced peppermint oil (Güntert et al., 2001; Lawrence, 2007a). The analysis of 
odor-active compounds in peppermint oil has been largely focused on elucidating how 
significantly certain compounds contribute to the overall sensory profile of peppermint oil. In 
order to measure these contributions in a quantitative fashion, the techniques of gas 
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chromatography-olfactometry (GCO) and aroma extract dilution analysis (AEDA) have been 
employed. Gas chromatography-mass spectrometry (GC-MS) is also crucial in confirming the 
identities of these compounds.  
Only one previous study has employed GCO and AEDA to determine potent odorants in 
M. piperita oil. Benn (1998) found that the most potent odorants in a Yakima peppermint oil 
were menthofuran (FD factor: 20480), eucalyptol (10240), 2- and 3-methylbutanal (coeluting; 
5120), (E)-β-damascenone (5120), and pulegone (5120). Through silica gel fractionation the 
author was able to identify (−)-mintlactone in the peppermint oil sample but did not characterize 
it through GCO or AEDA. The author also mentioned the presence of several unknown 
compounds in the silica gel fractions, with the most interesting one having a “coconut (sweet, 
creamy, lactonic)” quality (Benn, 1998). These are most likely other mint lactones that would 
later be identified by other researchers (Frérot et al., 2002; Gaudin, 2000; Näf & Velluz, 1998).    
The various mint lactones are trace odorants, which means that these compounds can be 
detected by GCO but are present at such small amounts that they do not show up as peaks on a 
typical GC-FID or GC-MS chromatogram. Due to the large number of compounds in a typical 
peppermint oil, these trace-level compounds also tend to elute closely to or co-elute with other 
components of the peppermint oil on a chromatogram.  This causes some difficulties when 
quantitation methods are used that rely on the use of chromatographic peak areas to calculate 
compound mass. Therefore in order to identify and quantify these trace odorants, a method is 
needed to isolate and enrich lactones from peppermint oil prior to analysis. 
There are multiple fractionation methods reported in the literature for the chemical 
analysis of volatile compounds and trace odorants in peppermint essential oils.  These include: 
selective extractions using aqueous acidic/basic and organic solvents (Benn, 1998; Näf & Velluz, 
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1998), fractional distillation (Frérot et al., 2002; Güntert et al., 2001; Näf & Velluz, 1998), silica 
gel chromatography (Benn, 1998; Güntert et al., 2001; Näf & Velluz, 1998), and preparative 
capillary GC (Güntert et al., 2001; Näf & Velluz, 1998). Due to the relative ease of the method 
and availability of materials, silica gel fractionation was used in this study. 
 
3.3 Materials and Methods 
3.3.1 Materials 
Peppermint oil samples from Idaho, the Willamette valley, and the Yakima valley were obtained 
from the Wm. Wrigley Jr. Company (Chicago, IL).  
3.3.2 Chemicals 
Silica gel (Merck Grade 9385, pore size 60 Å, 230-400 mesh particle size), (−)-mintlactone 
(≥99%), n-Alkane standards, glass wool (silane treated) were purchased from Sigma-Aldrich Co. 
LLC (St. Louis, MO). Diethyl ether (anhydrous, 99.9%), pentane (99.7%), sodium sulfate 
(anhydrous) acquired from Thermo Fisher Scientific Inc. (Waltham, MA). Ultra-high purity 
(UHP) nitrogen gas, UHP helium gas, and UHP hydrogen gas were obtained from Airgas 
(Radnor, PA) and S.J. Smith Co. (Davenport, IA). 
3.3.3 Synthesis of menthofurolactone 
Menthofurolactone (3,6-dimethyl-4,5,6,7-tetrahydro-benzo-β-furan-2(3H)-one) was synthesized 
as previously reported by Frérot et al. (2002) resulting in a racemic mixture of the two 
diastereomers with an approximate ratio of MFL A(SAC-5 RI =1340):MFL B(SAC-5 RI =1343) 
of 0.769. MFL A MS-EI, m/z (intensity in %): 81 (100), 95 (61.6), 166 (44.8), 123 (31.2), 67 
(29.3), 39 (24.9), 55 (21.5), 110 (19.2), 138 (13.8), 151 (2.6). MFL B MS-EI, m/z (intensity in 
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%): 81 (100), 95 (63.7), 166 (45.6), 123 (32.0), 67 (29.3), 39 (23.8), 55 (22.6), 110 (22.4), 138 
(16.8), 151 (2.0). 
3.3.4 Gas Chromatography-Mass Spectrometry-Olfactometry of peppermint oils 
The peppermint oils samples were analyzed using gas chromatography-olfactometry (GCO) 
coupled with mass spectrometry (MS) to determine the aroma-active compounds in the samples. 
The GC-MS-O system consisted of a 6890 GC (Agilent Technologies, Inc., Santa Clara, CA) 
equipped with an 5973N mass selective detector (MSD) (Agilent Technologies, Inc.) and an 
olfactory detection port (OD2, Gerstel, Mülheim, Germany). Analyses were performed on a 
Stabilwax column (30m x 0.25mm ID x 0.25 μm film; Restek Corporation, Bellefonte, PA) and 
an HP-5MS column (30m x 0.25mm ID x 0.5 μm film; Agilent Technologies, Inc.). Neat 
injections (1 μL) of peppermint oils were made in hot split mode (inlet temperature 250°C; 400 
mL/min split flow rate, held for 5 min, then reduced to 20mL/min) using a CIS4 inlet (Gerstel). 
The oven temperature was held at 35°C for 5 minutes, ramped to 225°C at a rate of 6°C/min, and 
held at 225°C for 30 minutes. Helium was used as the carrier gas at a constant flow rate of 
1.4mL/min. MS transfer line temperature was 250°C. The ionization energy of the MSD was 
70eV, the mass scan range was 35 to 300 m/z, and the temperature of the MS source was 230°C. 
3.3.5 Gas Chromatography-Mass Spectrometry 
Gas chromatography-mass spectrometry (GC-MS) was used to confirm the identities of aroma-
active compounds in the peppermint oil samples. The GC-MS system consisted of a 6890 
GC/5973N MSD (Agilent Technologies, Inc.). Analyses were performed on a SAC-5 column 
(30m x 0.25mm ID x 0.25 μm film; Sigma-Aldrich Co. LLC.). Peppermint oils were diluted 1:10 
with diethyl ether (1 μL) and then injected in the hot split mode (inlet temperature 250°C; 
70mL/min split flow rate) using a CIS4 inlet (Gerstel). The oven temperature was held at 50°C 
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for 5 minutes, ramped to 225°C at a rate of 4°C/min, and held at 225°C for 30 minutes. Helium 
was used as the carrier gas at a constant flow rate of 0.7mL/min. MS transfer line temperature 
was 250°C. The ionization energy of the MSD was 70eV, the mass scan range was 35 to 300 
m/z, and the temperature of the MS source was 230°C. 
3.3.6 Identification of odor-active volatiles 
For each volatile compound detected by GCO, the retention index (RI) was calculated as 
described by van den Dool and Kratz (1963) using the retention time of the compounds 
compared against those of a homologous series of n-alkanes. The RI values were determined on 
both polar and non-polar GC stationary phases. Compounds were identified by comparison of 
their RI values, mass spectra and odor properties from GCO against those of authentic reference 
standards or against literature or mass spectral library data. 
3.3.7 Silica gel fractionation of peppermint oil samples 
Peppermint oil samples (100mg) were transferred to 1.5mL glass vials and diluted to 1.0mL with 
diethyl ether. Silica gel columns were prepared in glass jumbo pipettes (1cm x 8cm, 2g silica 
gel). Peppermint oil samples were loaded onto the columns and 5mL fractions of eluents of 
increasing polarity were collected. Each eluent fraction was concentrated to 0.5mL using N2 gas 
and stored at -18°C prior to analysis. 
 
3.4 Results and Discussion 
A total of five odor-active lactones were detected in the peppermint oils as shown in 
Table 3.1.  This presumed that both menthofurolactone diastereomers are odor-active despite 
their co-elution. Chapter 4 will explore the odor characteristics of these two diastereomers in 
more detail and will confirm that both compounds are indeed odor-active. All five lactones 
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exhibited a characteristic coconut-like aroma, which is expected for the mint lactones. Three of 
them were identified based on comparison to authentic reference standards as the two 
menthofurolactone diastereomers and (−)-mintlactone. Two others (indicated as lactones 1 and 2) 
were classified as lactones based on their molecular weight ion (166 m/z) and odor quality, but 
were not identified due to insufficient data.  
The fractionation of peppermint oil using silica gel chromatography is based on the 
polarity of the compounds in the oil, their affinity for the silica gel stationary phase, and their 
affinity/solubility in the solvent mobile phase. As solvent passes through the column, compounds 
that have a higher affinity for the mobile phase than the stationary phase will be carried by the 
solvent and elute while compounds that have a higher affinity for the stationary phase will 
remain on the column. Changing the polarity of the solvent will selectively elute the compounds 
in a desired order. 
In the finalized silica gel fractionation protocol, peppermint oil was loaded onto the 
column and eluted with the following solvents in order of increasing polarity: 100% pentane, 
15% (v/v) ether in pentane, and finally 100% ether. The lactones are more polar than the 
majority of the other constituents of peppermint oil due to their higher degree of oxygenation. 
Therefore, the goal of the silica gel fractionation was to remove the nonpolar peppermint oil 
constituents in the first two fractions and collect the lactones in the last fraction. 
Upon analyzing the fractions collected, the 100% pentane fraction contained mainly 
nonpolar terpenes and sesquiterpene hydrocarbons, such as α-pinene, limonene, β-caryophyllene, 
and τ-terpinene (Figure 3.1). The 15% (v/v) ether in pentane fraction contained mostly 
oxygenated compounds, such as menthone, isomenthone, menthyl acetate, eucalyptol, and 
pulegone (Figure 3.2). The ether fraction contained a large amount of menthol with some 
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residual oxygenated compounds (Figure 3.3). It also contained the target lactones, which were 
detected using selected ion monitoring (SIM) of the molecular weight ion (166 m/z) expected for 
mint lactones (Figure 3.4). The SIM technique allows for a greater level of sensitivity by 
detecting only certain ions but does not provide the complete mass spectra for these compounds.  
Various trials involving increasing the ether:pentane ratio were conducted to try to 
remove more menthol from the final ether fraction. In trials where 18% (v/v) ether in pentane 
was used, a large amount of menthol still remained in the ether fraction. It was also determined 
that the lactones partially eluted when 20% (v/v) ether in pentane was used. Therefore, it is 
recommended that lactones be eluted with ether following the 15-18 % (v/v) ether in pentane 
fraction.  Other attempts to remove menthol by freezing (crystallization) were unsuccessful, as 
the menthol was probably not present at a high enough concentration to crystalize/precipitate out 
of solution.  
 
3.5 Summary and Conclusions 
This study confirms the presence of five odor-active “mint” lactones in four North 
American peppermint oils of differing geographic origins. Based on their odor-activities, these 
five lactones were selected for further characterization. The finalized silica gel fractionation 
method results in a separation of mint lactones from the major constituents of peppermint oil 
based on their polarity. This method was applied to isolate and concentrate trace-level lactones in 
peppermint oil for quantitative analysis. The lactone fractions of the four peppermint oil samples 
obtained from the silica gel fractionation method will be analyzed by GC-MS and GCO to 
determine the concentrations and odor thresholds of the lactones as detailed in Chapter Four of 
this thesis. 
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3.6 Figures and Tables 
Table 3.1: Odor-active mint lactones in peppermint oil. 
Compound 
Retention Index Odor 
Quality 
Peppermint 
Oil
a Confirmation
b
 
RTX-WAX HP-5MS SAC-5 
Lactone 1  1344 1335 coconut Y, I, W MW, O 
Menthofurolactone  1949, 1954 1362, 1365 1340, 1343 coconut Y, I, W O, MS, S 
Lactone 2 2088 1413 1440 coconut Y, I, W MW, O 
(−)-Mintlactone 2344 1517 1490 coconut Y, I, W RI, O, MS, S 
a
Peppermint oil in which odorants were detected: Yakima SC (Y), Idaho HMF (I), Willamette (W). 
b
Method of identification: molecular weight ion (MW), odor quality (O), mass spectra (MS), authentic 
reference standard (S), retention index (RI). 
 
Figure 3.1: Total ion chromatogram of the pentane fraction of Idaho HMF peppermint oil. Peaks are 
identified as follows: (a) α-pinene (b) β-pinene (c) limonene (d) τ-terpinene (e) terpinolene (f) β-
bourbonene (g) β-caryophyllene. 
 
 
Figure 3.2: Total ion chromatogram of the 15% ether (v/v) fraction of Idaho HMF peppermint oil. Peaks 
are identified as follows: (a) eucalyptol (b) menthone (c) menthofuran (d) menthol (e) pulegone (f) 
menthyl acetate (g) β-caryophyllene (h) germacrene D. 
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Figure 3.3: Total ion chromatogram of the ether fraction of Idaho HMF peppermint oil. Peaks are 
identified as follows: (a) cis-β-terpineol (b) menthol (c) piperitone. 
 
 
Figure 3.4: Selected ion monitoring (SIM) chromatogram of the lactone molecular weight ion (166 m/z) 
of the ether fraction of Idaho HMF peppermint oil. Peaks are identified as follows: (a) Lactone 1 (b,c) 
MFL isomers (d) Lactone 2 (e) (−)-mintlactone (f) (+)-isomintlactone. 
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Chapter 4                                                                                                         
CHARACTERIZATION AND QUANTITATION OF ODOR-IMPORTANT MINT 
LACTONES 
4.1 Abstract 
Selected odor-important mint lactones were quantitated in four peppermint oils 
originating from different geographic locations in the Northwestern United States. First, an 
appropriate chiral gas chromatography column was selected to achieve baseline resolution of the 
two menthofurolactone (MFL) diastereomers. A complete separation of the MFL diastereomers 
with a resolution of 21.9 was achieved using an Rt-βDEX-cst column (Restek Corporation, 
Bellefonte, PA). The lactones were quantitated using SIDA with a 
2
H2-dihydromintlactone 
internal standard. The Idaho HMF sample contained the highest total lactone concentration (568 
± 85 μg/g peppermint oil), followed by Yakima 313 (532 ± 121 μg/g peppermint oil) and 
Willamette (389 ± 15 μg/g peppermint oil). The Yakima SC had the lowest total lactone 
concentration with 330. ± 98 μg/g peppermint oil. The observed trend of decreasing enantiomeric 
ratio of MFL diastereomers as a function of increasing menthofuran content of the peppermint 
oils had a high correlation (R
2
 = 0.9694). The independent in-air odor thresholds and odor 
qualities for the two MFL diastereomers were also approximated using gas chromatography-
olfactometry. The two isomers had distinctly different aroma qualities and odor thresholds. MFL 
A (Rt-bDEXcst RI = 1584) was determined to have an odor threshold of 1.14 – 6.85 ng/L air 
with a tropical coconut/“sunscreen” aroma character at the threshold, while MFL B (Rt-bDEXcst 
RI = 1624) was determined to have an odor threshold of 478 – 2873 ng/L air with a sweet 
coconut aroma character. 
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4.2 Introduction 
Previous work indicated that the mint lactones identified in Chapter Three are present in 
peppermint oil at levels that greatly exceed their sensory thresholds (Benn, 1998; Chen et al., 
2011; Güntert et al., 2001; Näf & Velluz, 1998). In order to understand and quantify the 
contributions of these mint lactones to the overall flavor chemistry of peppermint oil, their 
concentration levels and sensory thresholds must be determined. The best method used to 
quantify trace-level compounds through GC-MS is stable isotope dilution analysis (SIDA). SIDA 
employs the use of a stable (i.e. not radioactive) isotope internal standard, often a deuterium (
2
H 
or d) or carbon-13 labeled isotope of the desired analyte to be quantified.  
In this study, the deuterated lactone compound d2-dihydromintlactone (d2-DHML) will be 
synthesized from commercially available (−)-mintlactone and used as the stable isotope internal 
standard in SIDA. Since the labeled compound is almost identical to the target analyte, this 
method affords a precise and accurate quantitation, which relies on the comparison of the peak 
areas of the labeled and unlabeled compounds according to the following equation: 
𝑀𝑎𝑠𝑠𝑙𝑎𝑐𝑡𝑜𝑛𝑒 =
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑙𝑎𝑐𝑡𝑜𝑛𝑒
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
(𝑀𝑎𝑠𝑠𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)(𝑅𝑓) 
SIDA is not applicable in situations where the compounds cannot be detected by GC-MS, but 
through a combination of the silica gel fractionation and enrichment methods developed in 
Chapter Three and the enhanced sensitivity of selected ion monitoring (SIM), measureable GC-
MS peaks of the odor-active lactone compounds were obtained. However, this leads to another 
problem in analyzing the mint lactones: the two menthofurolactone diastereomers are so similar 
that their chromatogram peaks overlap on traditional GC-column stationary phases (Figure 4.1). 
In order to separate the diastereomers for accurate quantitation, the resolvability of the two 
isomers on different chiral GC stationary phases was explored. 
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The odor activity value (OAV) of an aroma compound in a food is used to gauge the 
compound’s potential importance to the overall sensory profile of the food. OAVs are calculated 
by dividing the concentration of the compound in the food to its odor threshold. The higher the 
OAV, the greater the concentration of the odorant relative to its odor threshold, and the more 
important that odorant is to the overall aroma perception. If an odorant is present in a food at 
levels below its odor threshold, it will have an OAV <1 and will not be perceived in the aroma. 
Once the mint lactone concentrations in peppermint oil are determined, they can be compared to 
their odor thresholds and OAVs for the lactones can be calculated. Some mint lactone 
compounds have been previously quantified in peppermint oil and have known sensory 
thresholds (Table 4.1). This study aims to fill in the gaps from previous work and to evaluate the 
two diastereomers of menthofurolactone separately, which has not yet been reported in the 
literature. The complete resolution of the two menthofurolactone diastereomers for quantitation 
using chiral GC will also allow for the determination of the independent odor qualities and 
characteristics of these isomers. This study also explores the possible link between menthofuran 
content and lactone concentration in peppermint oils from varying geographic origins. 
 
4.3 Materials and Methods 
4.3.1 Materials 
Peppermint oil samples from Idaho, the Willamette valley, and the Yakima valley were obtained 
from the Wm. Wrigley Jr. Company (Chicago, IL).  
4.3.2 Chemicals 
Silica gel (Merck Grade 9385, pore size 60 Å, 230-400 mesh particle size), n-Alkane standards, 
(−)-mintlactone (≥99%), coumarin, and glass wool (silane treated) were purchased from Sigma-
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Aldrich Co. LLC (St. Louis, MO). Diethyl ether (anhydrous, 99.9%), pentane (99.7%), sodium 
sulfate (anhydrous) acquired from Thermo Fisher Scientific Inc. (Waltham, MA). Liquid 
nitrogen, ultra-high purity (UHP) nitrogen gas, UHP helium, and UHP hydrogen were purchased 
from Airgas (Radnor, PA) and S.J. Smith Co. (Davenport, IA). UHP deuterium gas (isotopic 
enrichment 99.7%) was purchased from Matheson Tri-Gas (Basking Ridge, NJ). Platinum oxide 
(83.4%) was purchased from Engelhard Industries (now BASF, Ludwigshafen, Germany). 
4.3.3 Synthesis of (3S,3aR,6R,7aR) -3,6-dimethyl- 3,3a,4,5,6,7a-hexahydro-3H -benzofuran-
2-one, a.k.a. dihydromintlactone (DHML) 
PtO2 catalyst (0.050g), (−)-mintlactone (0.275g) and heptane (5mL) were placed in a pressure 
reactor equipped with a rubber septum and stir bar.  The reactor was flushed for 5 minutes with 
hydrogen gas using a needle which was placed below the solution. The reactor was pressurized 
to 60 psi and stirred for 48 hours. The spent catalyst was removed by filtering through a bed of 
anhydrous sodium sulfate. The identification of the hydrogenated compound was confirmed by 
comparison of MS-EI data with the literature (Gaudin, 2000). MS-EI, m/z (intensity in %): 95 
(100), 67 (56.7), 81 (49.1), 41 (31.9), 55 (27.7), 109 (27.2), 124 (12.9), 139 (0.56), 167 (0.36).  
4.3.4 Synthesis of (3S,3aR,6R,7aR)-3,6-dimethyl-4,5,6,7a-tetrahydro-3,3a-dideutero-[3,3a-
2
H2]--benzofuran-2-one, a.k.a. d2-dihydromintlactone (d2-DHML) 
PtO2 catalyst (0.050g), (−)-mintlactone (0.160g) and heptane (5mL) were placed in a pressure 
reactor equipped with a rubber septum and stir bar.  The reactor was flushed for 5 minutes with 
deuterium gas using a needle which was placed below the solution. The reactor was pressurized 
to 60 psi and stirred for 5 hours. The spent catalyst was removed by filtering through a bed of 
anhydrous sodium sulfate. The identification of the deuterated compound (Figure 4.2) was 
confirmed by comparison of MS-EI data with the literature (Gaudin, 2000) and the hydrogenated 
32 
 
compound. MS-EI, m/z (intensity in %): 96 (100), 69 (78.2), 82 (57.8), 41 (42.7), 56 (31.9), 111 
(27.6), 127 (13.5), 141 (0.46), 170 (0.63).  
4.3.5 Calibration of isotope 
To use d2-dihydromintlactone (d2-DHML) as an internal standard for quantitation, it is necessary 
to determine its response factor with respect to (−)-mintlactone using a calibration curve. To 
construct the calibration curve, five solutions of varying concentrations of (−)-mintlactone were 
spiked with either 10 or 15 μL of a stock solution of d2-DHML resulting in six solutions with 
differing ratios of (−)-mintlactone to d2-DHML. The solutions were analyzed using GC-MS. The 
peak areas of the selected molecular weight ions for (−)-mintlactone and d2-DHML were 
integrated using MSD ChemStation Enhanced Data Analysis Software (Agilent Technologies, 
Inc., Santa Clara, CA). The mass ratio of (−)-mintlactone to d2-DHML was plotted against the 
area ratio of the molecular weight ion peaks on a scatter plot to obtain the calibration curve. The 
data points were fitted to a linear regression plot, and the response factor calculated by taking the 
reciprocal of the linear trendline slope (Appendix A). 
4.3.6 Chiral column resolution 
Chiral and achiral GC columns were tested in a GC system that consisted of a 6890 GC (Agilent 
Technologies, Inc.) equipped with a flame ionization detector (FID). Analyses were performed 
on a SAC5 column (30m x 0.25mm ID x 0.25 μm; Sigma-Aldrich Co. LLC., St. Louis, MO), a 
DB-5 column (50m x 0.32mm ID x 1.0μm; Agilent Technologies, Inc.), an RTX-1701 column 
(15m x 0.32mm ID x 0.5 μm; Restek Corporation, Bellefonte, PA), a Chiramix column (30m x 
0.32mm ID x 0.25 μm; GL Sciences Inc. USA, Torrance, CA), an Rt-βDEX-cst column (30m x 
0.32mm ID x 0.25μm; Restek Corporation), and a Chiraldex-GTA column (50m x 0.25mm ID x 
0.12μm; Sigma-Aldrich Co. LLC.). A solution of synthesized menthofurolactone isomers 
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(section 4.xx) was injected in hot split mode (inlet temperature 250°C; 400mL/min split flow 
rate, held for 5 min, then reduced to 20mL/min) using a CIS4 inlet (Gerstel, Mülheim, 
Germany). The oven temperature programs for each of the columns can be found in Table 4.2. 
Helium was used as the carrier gas at a constant flow rate of 1.4mL/min. 
4.3.7 Silica gel fractionation of peppermint oil samples 
Peppermint oil samples (100mg) were transferred to 1.5mL target vials, diluted to 1.0mL with 
diethyl ether, and spiked with 10μL of the d2- dihydromintlactone (d2-DHML) internal standard. 
Silica gel columns were prepared in glass jumbo pipettes (1cm x 8cm, 2g silica gel). Peppermint 
oil samples were loaded onto the columns and 5mL fractions of the following eluents were 
collected sequentially: pentane, ether (15% v/v) in pentane, ether. Each eluent fraction was 
concentrated to 0.5mL using N2 gas and stored at -18°C prior to analysis. 
4.3.8 Lactone quantitation by Gas Chromatography-Mass Spectrometry (GC-MS) 
The GC-MS system consisted of a 6890 GC/5973N mass selective detector (Agilent 
Technologies, Inc.). Analyses were performed on an Rt-βDEX-cst column (30m x 0.32mm ID x 
0.25μm; Restek Corporation). Samples (1μL) were injected in hot split mode (inlet temperature 
250°C; 70mL/min split flow rate) using a CIS4 inlet (Gerstel). The oven temperature was held at 
35°C for 5 minutes, ramped to 190°C at a rate of 4°C/min, and held at 190°C for 15 minutes. 
Helium was used as the carrier gas at a constant flow rate of 0.7mL/min. MS transfer line 
temperature was 250°C. The ionization energy of the MSD was 70eV, the mass scan range was 
35 to 300 m/z, and the temperature of the MS source was 230°C. 
4.3.9 Calculation of concentration 
To determine the concentrations of mint lactones in spiked samples, the peak areas of the 
selected molecular weight ions for (−)-mintlactone and d2-DHML were integrated using MSD 
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ChemStation Enhanced Data Analysis Software (Agilent Technologies, Inc.). The concentration 
of the mint lactones were calculated using the following equations: 
𝑀𝑎𝑠𝑠𝑙𝑎𝑐𝑡𝑜𝑛𝑒 =
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑙𝑎𝑐𝑡𝑜𝑛𝑒
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
(𝑀𝑎𝑠𝑠𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)(𝑅𝑓) 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑎𝑐𝑡𝑜𝑛𝑒 =
𝑀𝑎𝑠𝑠(𝜇𝑔)𝑙𝑎𝑐𝑡𝑜𝑛𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔)𝑃𝑒𝑝𝑝𝑒𝑟𝑚𝑖𝑛𝑡 𝑂𝑖𝑙
 
4.3.10 Menthofuran quantitation by GC-FID 
The GC system consisted of a 6890 GC (Agilent Technologies, Inc.) equipped with a flame 
ionization detector (FID). Analyses were performed on an HP-1 column (30m x 0.32 mm ID x 
0.25 μm; Agilent Technologies, Inc.). Peppermint oil samples (0.1 μL) were injected in split 
mode (inlet temperature 250°C; 200mL/min split flow rate). The oven temperature was held at 
40°C for 5 minutes, ramped to 225°C at a rate of 4°C/min, and held at 225°C for 5 minutes. 
Helium was used as the carrier gas at a constant flow rate of 1.4mL/min. 
4.3.11 Odor threshold determination 
In air odor thresholds were determined according to the procedure detailed in Ullrich & Grosch 
(1987). Serial dilutions (1:2 v/v in ether) were prepared from a stock solution containing the 
menthofurolactone isomers ([MFL A] = 473 μg/mL; [MFL B] = 388 μg/mL) and (−)-mintlactone 
([ML] = 153 μg/mL) synthesized in part 3.3.3 above and coumarin ([coumarin] = 0.104 μg/mL). 
Starting with the most dilute sample (1:8192), the dilution series was analyzed sequentially by 
two people using GC-O on an Rt-βDEX-cst column (30m x 0.32mm ID x 0.25μm; Restek 
Corporation). The GCO system consisted of a 6890 GC (Agilent Technologies, Inc.) equipped 
with a flame ionization detector (FID) and an olfactory detection port (OD2, Gerstel). Lactone 
solutions were injected (1μL) in hot splitless mode (inlet temperature 250°C; 70mL/min flow, 
rate held for 1 min, then reduced to 50mL/min) using a CIS4 inlet (Gerstel). The oven 
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temperature was held at 35°C for 5 minutes, ramped to 190°C at a rate of 4°C/min, and held at 
190°C for 15 minutes. 
 
4.4 Results and Discussion 
4.4.1 Chiral chromatography 
Since menthofurolactone has two chiral centers, one would expect to observe four 
stereoisomers upon chromatographic separation. However, the chirality at C6 is dependent on the 
configuration of the menthofuran from which it is derived. In the case of the menthofurolactone 
analyzed in this study, it was synthesized from (R)-menthofuran according to Frérot et al. (2002). 
Therefore when analyzed, this reaction mixture should only show the two diastereomers of 
menthofurolactone: 3R,6R-dimethyl-4,5,6,7-tetrahydro-benzo-β-furan-2(3H)-one and 3S,6R-
dimethyl-4,5,6,7-tetrahydro-benzo-β-furan-2(3H)-one (Figure 4.3). Additionally, M. piperita oil 
contains enantiopure (R)-menthofuran (Fuchs et al., 1999), therefore only the two 
menthofurolactone diastereomers are expected in peppermint oil. Since lactone diastereomers 
can be resolved on achiral GC column phases (Engel, Albrecht, & Heidlas, 1990), 
menthofurolactone shows two peaks on some of the chiral and achiral phases tested. 
A complete separation of the menthofurolactone diastereomers with a resolution of 21.9 
was achieved using the Rt-βDEXcst column as shown in Table 4.3 and Figure 4.4. The Rt-
βDEXcst column contains a proprietary cyclodextrin material dispersed in a 14% 
cyanopropylphenyl/86% dimethyl polysiloxane stationary phase. Interestingly, the 
menthofurolactone diastereomers are better resolved on the SAC5/DB5 columns (5% 
phenyl/95% methyl polysiloxane) than on the RTX-1701 (14% cyanopropylphenyl/86% methyl 
polysiloxane) or the Chiraldex-GTA, which contains a 2,6-di-O-pentyl-3-trifluoroacetyl 
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derivative of γ-cyclodextrin. Therefore, there must be some difference between the structures of 
β- and γ-cyclodextrins that influence their interaction affinities with the menthofurolactone 
diastereomers and it is recommended that the Rt-βDEXcst column or another β-cyclodextrin-
containing chiral column be used in future analytical work with menthofurolactone. In the rest of 
this study, quantitation of lactones was conducted on the Rt-βDEXcst column. 
4.4.2 Quantitation of lactones 
Upon constructing the calibration curve of d2-DHML against (−)-mintlactone (see 
Appendix A), the response factor was calculated to be 0.0053. This response factor was then 
used to calculate lactone concentration according to the equation in section 4.3.9. The 
quantitation results can be seen in Table 4.4. Interestingly, there is no single peppermint sample 
that is highest in all of the individual lactones quantified. The Idaho HMF oil is highest in 
menthofurolactone isomers, Lactone 2, and (+)-isomintlactone, while the Yakima 313 is highest 
in (−)-mintlactone and the Yakima SC oil is highest in Lactone 1. The Willamette oil is lowest in 
all lactones except Lactone 2 and (−)-mintlactone. In terms of total lactone concentration, the 
Idaho HMF sample contained the highest total lactone concentration (568 ± 85 μg/g peppermint 
oil), followed by Yakima 313 (532 ± 121 μg/g peppermint oil) and Willamette (389 ± 15 μg/g 
peppermint oil). The Yakima SC had the lowest total lactone concentration with 330. ± 98 μg/g 
peppermint oil. 
There are a number of factors influencing lactone development in these samples that are 
unknown, including distillation, aging time, and blending of oils. One of the key hypotheses of 
this study is that the concentration of mint lactones found in these peppermint oils relates to the 
concentration of menthofuran in the oils. Therefore to better understand the reason for the 
varying concentrations of lactones across peppermint oil samples, the menthofuran content of 
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each oil was quantified (Table 4.5). In addition, the enantiomeric ratio of the menthofurolactone 
diastereomers was also calculated for each of the four peppermint oils analyzed (Table 4.5) 
according to the following calculation: 
𝐸𝑅 = 𝐶𝑜𝑛𝑐. 𝑀𝐹𝐿 𝐴 / 𝐶𝑜𝑛𝑐. 𝑀𝐹𝐿 𝐵 
The peppermint oils ranked in order of increasing enantiomeric ratio of MFL are Idaho HMF 
(1.26 ± 0.31), Yakima SC (1.29 ± 0.10), Yakima 313 (1.36 ± 0.22), and Willamette (1.48 ± 
0.03). This trend of increasing enantiomeric ratio has a high correlation (R
2
 = 0.9694) with the 
decrease in the menthofuran content of the peppermint oil (Figure 4.5). There is also a moderate 
correlation (R
2
 = 0.7611) between enantiomeric ratio and total MFL concentration (Figure 4.6). 
This data suggests that there is a direct relationship between the amount of menthofuran and the 
enantiomeric ratio of the menthofurolactone diastereomers. Additionally, although there is a 
correlation between menthofuran content and total MFL concentration (R
2
 = 0.8734), there is 
little correlation between menthofuran content and total lactone concentration (R
2
 = 0.1719) 
(Figure 4.7). Therefore, further studies directed at analyzing the menthofuran and mint lactone 
concentration of a larger number of samples are needed to confirm the relationship between 
menthofuran and mint lactones in peppermint oil. 
4.4.3 Odor qualities and thresholds 
For the first time, the odor qualities and thresholds of the menthofurolactone isomers 
were evaluated separately since they could be resolved using chiral chromatography. Coumarin 
was specifically chosen as the standard for the determination of the odor thresholds because 
multiple papers have compared the odor quality of the mint lactones to that of coumarin (Frérot 
et al., 2002; Gaudin, 2000; Güntert et al., 2001; Näf & Velluz, 1998). However, both analysts 
that performed GCO to determine the odor thresholds noticed a distinct difference between the 
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odor qualities of coumarin and the mint lactones. Coumarin was noted to have a hay-like, curry, 
maple syrup, vanilla, sweet spicy quality, which changed in that order as the concentration of 
coumarin in the sample increased. In contrast, the lactones had a distinct coconut aroma, with the 
first eluting menthofurolactone isomer having more of a tropical, sunscreen, minty coconut 
quality and the second isomer having more of a vanilla, sweet coconut, or coconut milk quality.  
A summary of the results of the odor characterization can be found in Table 4.6. Because 
there is a range of odor detection thresholds reported for coumarin, the detection thresholds for 
the menthofurolactone isomers were calculated using both the lower and upper reported 
coumarin thresholds and are reported here as approximated threshold ranges. Menthofurolactone 
A was found to have a detection threshold range of 1.14 – 6.85 ng/L air, and menthofurolactone 
B was found to have a detection threshold range of 478 – 2873 ng/L air. (−)-Mintlactone was 
included in these samples and its odor threshold calculated along with the two 
menthofurolactone diastereomers in order to validate the odor threshold determination method. 
As shown in Table 4.1, (−)-mintlactone has a reported odor threshold of 2.3 ng/L air, which is 
very close to the range of 2.96 – 17.8 ng/L air calculated using the method reported by Ullrich 
and Grosch (1987). This correlation of data supports the validity of the reported method for 
calculating odor thresholds. 
The odor thresholds of the two menthofurolactone diastereomers differ by approximately 
two to three orders of magnitude, which is interesting considering that (−)-mintlactone and (+)-
isomintlactone, also a pair of diastereomers, have thresholds on the same order of magnitude 
(Table 4.1). This difference could be affected by the placement of the chiral center that differs 
between the two pairs of diastereomers. All of the odor thresholds reported previously and 
derived in this study are “in-air” thresholds, but the concentrations of lactones obtained in this 
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chapter are “in-oil”, which means that these two parameters cannot be combined to calculate the 
OAVs for these compounds. Therefore future work should use the standard ASTM method to 
determine odor thresholds in order to obtain the “in-oil” breakthrough thresholds for the mint 
lactones. Such work would also require odor-pure samples of the various lactones, which for 
menthofurolactone has not yet been accomplished.  
 
4.5 Summary and Conclusions 
Chiral chromatography was employed to successfully separate the menthofurolactone 
diastereomers isolated from peppermint oil with a resolution of 21.9. The odor-active lactones 
identified in peppermint oil in Chapter Three were quantitated, the enantiomeric ratios of the 
menthofurolactone diastereomers were calculated, and the percent of menthofuran determined in 
four peppermint oil samples. For the first time, the independent odor thresholds and 
characteristics of the menthofurolactone diastereomers were reported. The results of the 
quantitation of mint lactones presented in this chapter demonstrate a nontrivial link between 
these compounds and menthofuran in peppermint oils, which will be explored further in Chapter 
Five of this thesis.   
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4.6 Figures and Tables 
 
 
Figure 4.1: Mint lactones on 30m SAC-5 column (top) and 50m DB-5 column (bottom). Compounds are 
identified as follows: (a) menthofurolactone (MFL) A (b) MFL B (c) (−)-mintlactone. 
 
Table 4.1: Reported sensory data for mint lactones. 
Compound Odor Threshold Odor Quality Identified in Peppermint
a 
(−)-mintlactone 2.3 ng/L airb Coconut, sweet, 
coumarin-like
b 
W
b
, IM
c,d
, Y,
d
 MM
e
 
(+)-isomintlactone 1.25 ng/L air
b 
Coconut, coumarin-like
b 
W
b
, IM
c,d
, Y,
d
 MM
e 
Dehydromintlactone 3.1 ng/L air
b 
Coconut, coumarin-like, 
hay-like
b 
W
b
, IM
c,d 
3,6-dimethylbenzo- β-furan-
2(3H)-one 
0.8 ng/L air
b 
Coconut, coumarin-like, 
sweet, lactoney
b 
W
b
, IM
c,d 
(3S,3aS,6R,7aS)-Perhydro-3,6- 
dimethyl-benzo-β-furan-2-one 
0.000001 ng/L air
b 
Coumarinic, lactonic, 
weak
f 
 
a
Peppermint oils identified as follows: (W) Willamette (IM) Italo-Mitcham (Y) Yakima (MM) Midwest 
Mitcham.
 b
(Güntert et al., 2001) 
c
(Näf & Velluz, 1998) 
d
(Frérot et al., 2002) 
e
(Takahashi, Someya, 
Muraki, & Yoshida, 1980) 
f
(Gaudin, 2000) 
 
Table 4.2: Oven programs for analysis of GC column chiral and achiral stationary phases. 
Program 
Initial 
Ramp rate (°C/min) 
Final 
Temp. (°C) Hold Time (min.) Temp. (°C) Hold Time (min.) 
A 50 5 4 225 10 
B 35 5 2 250 15 
C 35 5 6 250 30 
D 35 5 4 170 15 
E 60 5 0.7 180 0 
 
 
 
a 
a 
b 
b 
c 
c 
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Figure 4.2: Structure of (3S,3aR,6R,7aR)-3,6-dimethyl-[3,3a-
2
H2]-4,5,6,7a-tetrahydro-benzo-β-furan-2-
one a.k.a. d2-dihydromintlactone (d2-DHML) indicating position of deuterium atoms after saturation of 
the (−)-mintlactone double bond. 
 
 
Figure 4.3: Synthesis of menthofurolactone by oxidation of menthofurolactone. Compounds are 
identified as follows: (1) menthofuran (2) (3R)-menthofurolactone (3) (3S)-menthofurolactone (4) (−)-
mintlactone (5) (+)-isomintlactone. 
 
Table 4.3: Resolution of menthofurolactone diastereomers on GC column chiral and achiral stationary 
phases. 
GC Column Specifications Oven Program Resolution 
SAC5 30m x 0.25mm ID x 0.25μm A 0.74 
DB5 50m x 0.32mm ID x 1μm B 1.52 
RTX-1701 15m x 0.32mm ID x 0.5μm C n/a 
Rt-βDEX-cst 30m x 0.32mm ID x 0.25μm D 21.94 
Chiraldex-GTA 50m x 0.25mm ID x 0.12 μm D n/a 
Chiramix 30m x 0.32mm ID x 0.25μm E 2.54 
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Figure 4.4: Mint lactone resolution on 30m Rt-βDEX-cst column. Compounds are identified as follows: 
(a) menthofurolactone (MFL) A (b) MFL B (c) (−)-mintlactone (d) (+)-isomintlactone. 
 
 
Table 4.4: Quantitation of mint lactone compounds in peppermint oils on Rt-βDEX-cst column. 
Sample
a 
 Concentration (μg/g Peppermint Oil) 
 
Lactone 1 MFL A MFL B Lactone 2 ML iso-ML 
RI
b 1565 1584 1624 1731 1838 1891 
Idaho HMF  7.04 ± 2.25 32.9 ± 6.14 27.6 ± 11.6 56.0 ± 1.43 410 ± 49.8 33.6 ± 13.7 
Yakima SC  7.25 ± 4.35 23.4 ± 2.74 18.2 ± 3.55 17.5 ± 3.07 242 ± 78.4 20.6 ± 11.6 
Yakima 313  6.67 ± 1.36  24.5 ± 9.62 18.8 ± 10.1 17.3 ± 0.66 533 ± 120.5 32.1 ± 13.8 
Willamette  3.55 ± 0.22 17.1 ± 0.74 11.6 ± 0.24 29.1 ± 4.87 300. ± 9.00 27.6 ± 2.51 
a
Idaho HMF, Yakima SC, and Willamette samples obtained from IP Callison, Yakima 313 sample 
furnished by Wm. Wrigley Jr. Co.. 
b
Retention index reported for Rt-βDEXcst column. 
 
 
Table 4.5: Percent composition of menthofuran as it compares to the enantiomeric ratio of MFL isomers 
and total MFL concentration  
Sample
a
 Menthofuran 
Content (%) 
Enantiomeric Ratio 
(MFL A:MFL B) 
Total MFL concentration 
(μg/g Peppermint Oil) 
Idaho HMF 6.15 ± 0.05  1.26 ± 0.31 60.5 ± 17.8 
Yakima SC 4.82 ± 0.02 1.29 ± 0.10 41.6 ± 6.3 
Yakima 313 3.66 ± 0.02 1.36 ± 0.22 43.3 ± 19.8 
Willamette 1.66 ± 0.02 1.48 ± 0.03 28.7 ± 1.0 
a
See footnote (a) in Table 4.4. 
 
 
 
a 
b 
c 
d 
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Figure 4.5: Linear regression analysis to determine the correlation of the menthofuran content with the 
enantiomeric ratio of MFL. 
 
 
Figure 4.6: Linear regression analysis to determine the correlation of the total MFL concentration with 
the enantiomeric ratio of MFL. 
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Figure 4.7: Linear regression analysis to determine the correlation of the menthofuran content with the 
total lactone concentration and the total MFL concentration. 
 
Table 4.6: Odor quality description and odor threshold approximation for (−)-mintlactone and MFL 
diastereomers. 
Compound Odor quality 
at threshold 
Odor threshold
a 
Concentration in 
Yakima peppermint 
oil
b
 
Mintlactone Vanilla/coconut 2.96 – 17.8 ng/L airc 292 – 493 μg/g oil 
Menthofurolactone A Tropical coconut 
“Sunscreen”  
“Minty” 
1.14 – 6.85 ng/L air 23.0 – 31.3 μg/g oil 
Menthofurolactone B Sweet coconut 478 – 2873 ng/L air 17.0 – 25.9 μg/g oil  
a
Given as a range based on the range of reported thresholds for the coumarin standard used to calculate 
the thresholds (Ruth, 1986).
 b
Range of concentrations in Yakima 313 and Yakima SC samples as reported 
in Table 4.4. 
 c
Reported in literature as 2.3 ng/L air (Güntert et al., 2001). 
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Chapter 5                                                                                                           
MENTHOFURAN STABILITY AND MODEL PEPPERMINT OIL STUDIES 
5.1 Abstract 
Menthofuran, an unstable monoterpene found in M. piperita oil, is prone to autoxidation. 
After storage at ambient conditions for five months, a purified sample of menthofuran in solution 
(10% v/v ether in pentane as solvent) showed a decrease in menthofuran levels and an increase in 
degradation products including the menthofurolactone (MFL) diastereomers, (−)-mintlactone, 
and (+)-isomintlactone. A model peppermint oil (MPO) system was developed as a more 
appropriate environment in which to study the oxidative and degradative behavior of 
menthofuran. The concentrations of four lactone compounds, MFL A, MFL B, (−)-mintlactone, 
and (+)-isomintlactone, were measured periodically over a six-month period. After an initial 
increase in concentration of all four lactones, concentrations reached a maximum during the 10-
18 week time period and began to decrease during weeks 18-20. After six months storage, the 
concentrations approached the levels found in actual peppermint oils. A proposed scheme for the 
formation of lactones from menthofuran is presented. The MPO sample stored at ambient 
conditions maintained a constant enantiomeric ratio of the MFL diastereomers as the 
concentrations of the isomers changed. 
 
5.2 Introduction 
Menthofuran, a monoterpene found in M. piperita oil, is undesirable when present in high 
concentrations due to its tendency to autoxidize (Fuchs et al., 1999; Justice, 2010). The 
autoxidation of menthofuran produces dark green colored peppermint oil with bitter off notes 
that make it commercially unviable (Justice, 2010). However, the presence of menthofuran at 
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some concentration level is vital to the characteristic sensory perception of peppermint oil. 
Unlike M. arvensis and M. spicata, M. piperita has the ability to enzymatically convert pulegone 
to menthofuran; this unique biosynthetic pathway distinguishes M. piperita and its essential oil 
from these other Mentha species (Frérot et al., 2002; Justice, 2010; Näf & Velluz, 1998). The 
unique organoleptic properties of menthofuran are also difficult to replicate through the use of 
other compounds (Ho & Din, 1989). Menthofuran is often added back into blends of M. piperita 
and M. arvensis oil in order to restore the characteristic peppermint quality to the finished blends 
(Justice, 2010).  
In the pivotal article by Frérot et al. (2002) that examined the menthofurolactone isomers 
in detail, the authors assert that the initial discovery of the isomers occurred during studies of the 
photo-oxidation of menthofuran. The two synthesis methods given in the article for 
menthofurolactone – which both produce racemic mixtures of the menthofurolactone 
diastereomers – employ oxidation of menthofuran to produce the lactones. The authors were able 
to identify the menthofurolactone isomers in samples of Italo-Mitcham and Yakima peppermint 
oils, which also contained menthofuran as well as (−)-mintlactone, and (+)-iso-mintlactone. 
Meanwhile, the M. arvensis and M. spicata essential oil samples that were analyzed contained 
none of these compounds. Therefore the authors concluded that menthofuran is the probable 
precursor of mint lactones in peppermint oil. 
Frérot et al. (2002) also briefly examined a GC-MS chromatogram of a menthofuran 
sample that shows the presence of multiple lactone compounds. Upon repeating this analysis 
with a commercially produced menthofuran standard, several impurities were found including 
the menthofurolactone isomers, (−)-mintlactone, and (+)-iso-mintlactone (Figure 5.1). In order to 
explore the relationship between menthofuran and mint lactones and to observe how mint 
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lactones develop in peppermint oil over time, two aging studies were conducted. The first study 
examined the development of mint lactones in a solution of purified menthofuran (10% v/v ether 
in pentane as solvent) over the course of five months. The second study examined the 
development of mint lactones in model peppermint oils either containing or lacking menthofuran 
over the course of six months.  
 
5.3 Materials and Methods 
5.3.1 Materials 
Menthofuran (95%) was obtained from I.P. Callison & Sons (Lacey, WA). L-menthol (>99%), 
L-menthone (≥96%), L-menthyl acetate (≥98%), eucalyptol (>99%), silica gel (Merck Grade 
9385, pore size 60 Å, 230-400 mesh particle size), n-heptane (>99%), n-Alkane standards and 
glass wool (silane treated) were purchased from Sigma-Aldrich Co. LLC (St. Louis, MO). 
Diethyl ether (anhydrous, 99.9%), pentane (99.7%), sodium sulfate (anhydrous) acquired from 
Thermo Fisher Scientific Inc. (Waltham, MA). Ultra-high purity (UHP) nitrogen gas, UHP 
helium gas, and UHP hydrogen gas were obtained from Airgas (Radnor, PA) and S.J. Smith Co. 
(Davenport, IA). 
5.3.2 Purification of menthofuran 
Menthofuran was purified using silica gel column (1.25cm x 20cm) chromatography. 
Menthofuran (0.2947g) was loaded onto the column and 10mL fractions of the following eluents 
were collected sequentially: pentane, ether (5% v/v) in pentane, ether (10% v/v) in pentane, ether 
(15% v/v) in pentane, and ether (20% v/v) in pentane. Pure menthofuran was obtained in the 
10% ether fraction (Fig. 5.2). The menthofuran solution (10% v/v ether in pentane as solvent) 
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was stored under ambient conditions for a period of five months. Aliquots were collected and 
analyzed by GC-MS on a monthly basis. 
5.3.3 Quantitation of lactones in menthofuran stability solution 
GC-MS was used to quantify selected mint lactone compounds in the menthofuran degradation 
sample. The GC-MS system consisted of a 6890 GC/5973N mass selective detector (Agilent 
Technologies, Inc., Santa Clara, CA). Analyses were performed on a SAC-5 column (30m x 
0.25mm ID x 0.25 μm; Sigma-Aldrich Co. LLC., St. Louis, MO). Aliquots of the sample (1 μL) 
were injected in hot split mode (inlet temperature 250°C; 35mL/min split flow rate) using a CIS4 
inlet (Gerstel, Mülheim, Germany). The oven temperature was held at 50°C for 5 minutes, 
ramped to 225°C at a rate of 4°C/min, and held at 225°C for 30 minutes. Helium was used as the 
carrier gas at a constant flow rate of 0.7mL/min. MS transfer line temperature was 250°C. The 
ionization energy of the MSD was 70eV, the mass scan range was 35 to 300 m/z with 
simultaneous selected ion monitoring (SIM) (ions 166, 170 m/z), and the temperature of the MS 
source was 230°C.  
5.3.4 Model peppermint oil 
A simplified model of peppermint oil was formulated as a matrix for further menthofuran 
degradation studies. The experimental design for the menthofuran included control (model) 
samples, experimental (model + 4% w/w menthofuran) samples and solvent (4% w/v 
menthofuran in heptane) samples held at two different temperatures: 21-24°C (ambient) and 1-
4°C (cold). This design and the compositions of the three treatments are summarized in Table 
5.1. The samples were stored in opaque boxes to minimize exposure to light. Small aliquots (1.0-
3.0mg) were taken from the samples every two weeks, diluted with 1mL diethyl ether, analyzed 
by GC-MS for quantitation, and then subsequently stored at -18°C for future analysis. 
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5.3.5 Quantitation of lactones in model peppermint oil 
The GC-MS system consisted of a 6890 GC/5973N mass selective detector (Agilent 
Technologies, Inc.). Analyses were performed on an Rt-βDEX-cst column (30m x 0.32mm ID x 
0.25μm; Restek Corporation, Bellefonte, PA). Samples (1μL) were injected in hot split mode 
(inlet temperature 250°C; 70mL/min split flow rate) using a CIS4 inlet (Gerstel). The oven 
temperature was held at 35°C for 5 minutes, ramped to 190°C at a rate of 4°C/min, and held at 
190°C for 15 minutes. Helium was used as the carrier gas at a constant flow rate of 0.7mL/min. 
MS transfer line temperature was 250°C. The ionization energy of the MSD was 70eV, the mass 
scan range was 35 to 300 m/z, and the temperature of the MS source was 230°C. 
 
5.4 Results and Discussion 
5.4.1 Menthofuran stability study 
The menthofuran stability solution (10% v/v ether in pentane solvent; MSS) showed a continual 
decrease in menthofuran levels and an increase in degradation products, which include 
menthofurolactones, (−)-mintlactone, and (+)-isomintlactone, over time as a function of total ion 
chromatogram percentage (Table 5.2). These preliminary data suggest that menthofuran does 
indeed spontaneously degrade to form mint lactones. However, this system is not entirely 
representative of the oxidative behavior of menthofuran in peppermint oil; the viscosity of 
peppermint oil is much different that the viscosity of ether and pentane solvents which could 
impact the molecular mobility and reactivity of menthofuran. Furthermore, there are no other 
peppermint oil components present that could interact with menthofuran and its ability to 
oxidize; actual peppermint oil contains a number of monoterpene compounds that exhibit 
antioxidant activity, including eucalyptol and thymol (Riachi & De Maria, 2015). Additionally, 
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the ether solvent contains a small amount of BHT which acts as a preservative and antioxidant 
that could hinder the oxidation of menthofuran. To create a more accurate environment in which 
to study the oxidative and degradative behavior of menthofuran, a simplified model peppermint 
oil (MPO) was created. A solution of 4% menthofuran in heptane solvent (MHS), which 
contained no BHT, was also prepared for comparison. 
5.4.2 Model peppermint oil study 
Overall lactone concentration tended to increase in the MPO samples over the first five 
months of the study, but began to decrease after week 20. Storage at cold temperatures did not 
prevent the oxidation of menthofuran but did result in lower overall concentrations of lactones 
(Figure 5.3). Looking specifically at the concentrations of the two MFL isomers over time, there 
is an initial increase in concentration over the first 8-10 weeks, followed by a period of 
somewhat constant concentration from weeks 10-18, and finally a sharp decrease in 
concentration beginning in weeks 18-20 (Figure 5.4). The most likely explanation for the 
fluctuation in MFL concentration over time is that the compounds are not stable in peppermint 
oil. As the structures of the MFL diastereomers and the pair of (−)-mintlactone and (+)-
isomintlactone diastereomers are so similar, it is proposed that the MFL diastereomers are 
isomerizing to form the more stable (−)-mintlactone and (+)-isomintlactone compounds (Figure 
5.5). This isomerization, manifested by a decrease in MFL content and an increase in (−)-
mintlactone and (+)-isomintlactone content, has been observed in samples of synthesized and 
purified MFL isomers after extended storage.  
At the end of the six month study, the MFL concentration in the ambient storage sample 
was in fact lower than the initial concentration at the start of the study, with the presence of MFL 
at the beginning of the study most likely due to the presence of MFL in the menthofuran 
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standard. However, the presence of MFL in the four peppermint oils analyzed in Chapters Three 
and Four suggests that these compounds are not entirely depleted by isomerization in actual 
peppermint oils. Compared to the actual peppermint oil, it appears that the week 26 MPO sample 
approaches the concentrations of MFL, (−)-mintlactone, and (+)-isomintlactone in actual 
peppermint oils as indicated in Chapter Four. It is possible that in a study of the aging of a model 
or actual peppermint oil over a longer time period, the concentrations of lactones would also 
reach the concentrations reported in Chapter Four. The major degradation product of 
menthofuran in the MPO samples was (−)-mintlactone, while the major degradation products of 
menthofuran in the MSS sample were the two MFL isomers. After six months of storage at 
ambient and cold temperatures, the major degradation product in the MHS samples was (−)-
mintlactone. Since the major differences between the MHS and the MSS samples were the type 
of solvent used and the initial concentration of menthofuran, one of these factors is the most 
probably cause of the presence of MFL in higher amounts that (−)-mintlactone in the MSS 
solutions. 
In Chapter Four, the enantiomeric ratio of the four peppermint oils analyzed showed a 
high correlation with the decrease in the total concentration of the two MFL isomers. This aging 
study allowed for the enantiomeric ratio of the MFL isomers to be tracked over time in the same 
sample while the concentrations of the isomers change. The MPO ambient sample maintained a 
constant enantiomeric ratio over time, even as the total MFL concentration changed (Figure 5.6). 
Therefore the enantiomeric ratio does not seem to be dependent on MFL concentration, and may 
instead be linked to other differences in the composition of the peppermint oils due to their 
geographic origin, processing, or aging techniques. 
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5.5 Summary and Conclusions 
The concentrations of four lactone compounds, MFL A, MFL B, (−)-mintlactone, and 
(+)-isomintlactone, were tracked in the model peppermint oil (MPO) samples over a period of 
six months. After an initial increase in concentration of all four lactones, the concentration at six 
months approached the levels found in actual peppermint oils in Chapter Four, highlighting the 
need to track target flavor volatiles in peppermint oils during the course of aging to achieve the 
desired sensory profile. A proposed scheme for the formation of lactones from menthofuran was 
presented to explain the fluctuations in lactone concentrations. The MPO ambient sample 
maintained a constant enantiomeric ratio of the MFL diastereomers over time, indicating that the 
enantiomeric ratio does not seem to be dependent on MFL concentration. 
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5.6 Figures and Tables 
 
Figure 5.1: GC-MS total ion chromatogram of menthofuran standard. Compounds are identified as 
follows: (a) (+)-menthofuran (b) menthofurolactones (c) (−)-mintlactone. 
 
 
 
 
Figure 5.2: GC-MS total ion chromatogram of purified menthofuran standard (top) and menthofuran 
standard after ambient storage for 5 months (bottom). Compounds are identified as follows: (a) (+)-
menthofuran (b) menthofurolactones (c) (−)-mintlactone (d) (+)-isomintlactone. 
 
 
Table 5.1: Percent composition of model peppermint oil aging samples. 
 Ambient Cold 
 Control Experimental Solvent Control Experimental Solvent 
Menthol 57.3 54.8  57.3 54.9  
Menthone 28.6 27.4  28.6 27.5  
Menthyl Acetate 7.8 7.5  7.8 7.5  
Eucalyptol 6.3 6.0  6.3 6.0  
Menthofuran  4.3 4.2  4.1 4.1 
 
 
a 
a 
b 
c 
d 
b 
c 
a 
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Table 5.2: Percent of total ion chromatogram of mint lactone compounds in menthofuran degradation 
sample over time. 
Compound RI – 
SAC5 
Initial 1 Month 2 Month 3 Month 4 Month  5 Month 
(FINAL) 
Menthofuran 1159 100
a 
96.1 86.0 76.4 70.4 57.3 
Lactone 1 1335   0.36 0.35 0.37 0.31 
Menthofurolactone 1340, 
1343 
 2.65 6.40 5.70 8.08 18.6 
Mint lactone + 
unidentified 
degradation product 
1488  0.95 1.88 2.39 3.92 9.05 
Iso-Mintlactone 1522   0.12 0.27 0.51 1.45 
a
The peak integration area percent results of the compounds present in the menthofuran aging samples do 
not add to 100 as peak areas of non-lactone degradation compounds that were calculated are not shown 
here. 
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Figure 5.3: Concentrations of mint lactones in experimental model peppermint oils held in ambient (top) 
and cold (bottom) storage. *Week 4 ambient sample was lost during storage. 
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Figure 5.4: Concentrations of MFL isomers in experimental model peppermint oils held in ambient and 
cold storage. *Week 4 ambient sample was lost during storage. 
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Figure 5.5: Proposed degradation pathways of (1) menthofuran in peppermint oil: (a) direct oxidation to 
the diastereomers (4) (−)-mintlactone and (5) (+)-isomintlactone; (b) oxidation to the diastereomers (2) 
(3R)-menthofurolactone and (3) (3S)-menthofurolactone followed by isomerization to (4) and (5). 
 
 
 
Figure 5.6: The total concentration of MFL isomers in experimental model peppermint oil held at 
ambient conditions with the corresponding enantiomeric ratio of the two isomers at each sampling point.  
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Chapter 6                                                                                                                            
CONCLUSIONS AND RECOMMENDATIONS 
The essential oil of the peppermint (Mentha piperita L.) plant is an important commercial 
flavor ingredient in the United States. In 2015 the United States produced 5.9 million pounds of 
peppermint oil which is used in a wide variety of applications including chewing gum, oral 
hygiene products, pharmaceuticals, confectionary, and liquor among others. When (+)-
menthofuran oxidizes, it forms several lactone compounds that have been identified in 
peppermint oils and contribute important sweet, coconut, coumarin-like characteristics to the 
oils. These mint lactones are present in trace amounts but have low odor thresholds, indicating 
that they are potentially important to the sensory quality of peppermint oil. The ability to produce 
menthofuran distinguishes M. piperita L. from the M. arvensis and M. spicata species, making 
the identification and characterization of mint lactones critical in understanding peppermint oil 
flavor chemistry. The main objectives of this study were to identify, quantitate, and characterize 
odor-important mint lactones in peppermint oils and to monitor the formation of mint lactones 
from menthofuran in a model peppermint oil system. Based on previous work, it was 
hypothesized that menthofuran autoxidizes to form mint lactones, that the concentrations of mint 
lactones are directly related to the concentration of menthofuran in peppermint oil, and that mint 
lactones, though present in trace amounts, have sufficiently low odor thresholds such that they 
impact the overall sensory perception of peppermint oils. In order to identify and quantify these 
trace odorants, a silica gel fractionation method was developed to isolate and enrich lactones 
from peppermint oil prior to analysis. Five odor-active “mint” lactones were identified in four 
North American peppermint oils of differing geographic origins using GCO. Based on their 
odor-activity, these five lactones – Lactone 1, menthofurolactone Lactone 2, (−)-mintlactone, 
and (+)-isomintlactone – were selected for further characterization.  
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The menthofurolactone diastereomers were successfully separated on a chiral Rt-βDEX-
cst column with a resolution of 21.9. The lactones were quantitated using SIDA with a 
2
H2-
dihydromintlactone internal standard. The Idaho HMF sample contained the highest total lactone 
concentration, followed by Yakima 313, Willamette, and Yakima SC. A correlation between 
increasing enantiomeric ratio of MFL diastereomers and decreasing menthofuran content of the 
peppermint oils was observed. The independent in-air odor thresholds and odor qualities for the 
two MFL diastereomers were also approximated using gas chromatography-olfactometry. The 
two isomers had distinctly different aroma qualities and odor thresholds. MFL A was determined 
to have an odor threshold of 1.14 – 6.85 ng/L air with a tropical coconut/“sunscreen” aroma 
character, while MFL B was determined to have an odor threshold of 478 – 2873 ng/L air with a 
sweet coconut aroma character.  
The concentrations of four lactone compounds, MFL A, MFL B, (−)-mintlactone, and 
(+)-isomintlactone, were tracked in a model peppermint oil (MPO) system over a period of six 
months. After an initial increase in concentration of all four lactones, the concentration at six 
months approached the levels found in actual peppermint oils, highlighting the need to track 
target flavor volatiles in peppermint oils during the course of aging to achieve the desired 
sensory profile. A proposed scheme for the formation of lactones from menthofuran was 
presented to explain the fluctuations in lactone concentrations. The MPO ambient sample 
maintained a constant enantiomeric ratio of the MFL diastereomers over time, indicating that the 
enantiomeric ratio does not appear to be dependent on MFL concentration. 
Although the MFL diastereomers were separated on the chiral GC column, separation of 
the two isomers on a large-scale has not yet been achieved. Additionally, the exact 
conformations and elution order of the two isomers is still unknown. Future work should include 
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the development of a method to separate these diastereomers with the goal of assigning exact 
conformations and retention indices to the isomers. The pilot study of the MPO system 
containing 4% menthofuran shows great promise for peppermint oil aging studies in examining 
the oxidation of menthofuran and formation of mint lactones. Forthcoming research should 
continue to add components to the system to better model the complexity of real peppermint oil. 
A study of the aging of actual fresh peppermint oils, including a comparison of samples based on 
their menthofuran content, would also be useful in understanding the oxidative behavior of 
menthofuran and the development of lactones in peppermint oil.  
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APPENDIX A 
Response factor of (−)-mintlactone against d2-dihydromintlactone 
 
Slope: 188.57 
Response factor: 0.005303 
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APPENDIX B 
Quantitation Data 
Willamette Peppermint Oil 
 Trial 1 Trial 2 Average Std. Dev. 
Lactone 1 3.72 3.40 3.56 0.22 
MFL A 17.6 16.6 17.1 0.74 
MFL B 11.7 11.4 11.6 0.24 
Lactone 2 25.7 32.6 29.1 4.87 
(−)-mintlactone 294 307 300 9.00 
(+)-isomintlactone 25.8 29.3 27.6 2.51 
Total 379 400 389 15.2 
Total MFL 29.4 28.0 28.7 0.98 
MFL enantiomeric ratio 1.50 1.46 1.48 0.03 
 
Idaho HMF Peppermint oil 
 Trial 1 Trial 2 Average Std. Dev. 
Lactone 1 8.63 5.44 7.04 2.25 
MFL A 37.3 28.6 32.9 6.14 
MFL B 35.8 19.4 27.6 11.6 
Lactone 2 57.0 55.0 56.0 1.43 
(−)-mintlactone 446 375 410 49.8 
(+)-isomintlactone 43.2 23.9 33.6 13.7 
Total 628 508 568 85.0 
Total MFL 73.1 48.0 60.5 17.8 
MFL enantiomeric ratio 1.04 1.47 1.26 0.31 
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Yakima SC Peppermint Oil 
 Trial 1 Trial 2 Average Std. Dev. 
Lactone 1 10.3 4.18 7.26 4.35 
MFL A 25.3 21.4 23.4 2.74 
MFL B 20.7 15.7 18.2 3.55 
Lactone 2 15.3 19.7 17.5 3.07 
(−)-mintlactone 298 187 243 78.4 
(+)-isomintlactone 28.8 12.4 20.6 11.6 
Total 399 261 330 97.6 
Total MFL 46.0 37.1 41.6 6.28 
MFL enantiomeric ratio 1.22 1.37 1.29 0.10 
 
Yakima 313 Peppermint Oil 
 Trial 1 Trial 2 Average Std. Dev. 
Lactone 1 7.63 5.71 6.67 1.36 
MFL A 31.3 17.7 24.5 9.62 
MFL B 25.9 11.6 18.8 10.1 
Lactone 2 17.8 16.8 17.3 0.66 
(−)-mintlactone 494 373 433 84.9 
(+)-isomintlactone 41.9 22.3 32.1 13.8 
Total 618 448 533 121 
Total MFL 57.2 29.3 43.3 19.8 
MFL enantiomeric ratio 1.21 1.52 1.36 0.22 
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APPENDIX C 
Sampling Procedure for Model Peppermint Oils 
For each of the model peppermint oil (MPO) samples: 
1. Weigh out 1.0-2.5mg (0.00100-0.00250g) of the model oil into a target vial using a 
balance that carries out to at least 5 decimal places. Label the vial with the sample code 
and date. (Note: completely melt the refrigerated samples before taking a sample) 
2. Dilute the sample with 1mL of ethyl ether (using a volumetric pipet). 
For each of the menthofuran in heptane solvent (MHS) solutions: 
1. Use a clean syringe to draw a 10uL aliquot of the solution and transfer it into a target 
vial. Label the vial with the sample code and date. 
2. Dilute the sample with 1mL of ethyl ether (using a volumetric pipet). 
For all vials: 
1. Using a 10uL syringe, spike each vial with 10uL of the d2-Mint Lactone standard 
solution. 
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APPENDIX D 
Peppermint Oil Silica Gel Column Chromatography Procedure 
1. Prepare peppermint oil for column chromatography 
a. Weight ~100mg of peppermint oil into a target vial and dilute in 0.5mL pentane 
using volumetric pipet 
i. Record the actual weight: ______________ 
b. Spike with 10uL of internal standard solution using 10uL syringe 
c. Shake gently to dissolve and mix oil and internal standard 
2. Prepare silica gel column 
a. Add glass wool and sodium sulfate to the bottom of the small glass “jumbo pipet” 
column 
b. Add pentane to ~3/4 of the height of the column 
c. Using filter paper as a funnel, slowly and carefully pour silica gel into the column 
3. Load and run column 
a. Load 0.5mL solution of peppermint oil + internal standard to top of column  
b. Once the 0.5mL solution has run to the top of the column, add pentane & start 
collecting fractions 
c. Collect 5mL fractions of 
i. Pentane 
ii. 18% ether in pentane 
iii. Ether 
d. Concentrate the 5mL samples down to 0.5mL using N2 gas  
e. Transfer samples to target vials and place in freezer for storage  
